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Abstract This paper provides both a detailed history of environmental change in the
Sierra Nevada over the past 1,800 years and evidence for climate teleconnections
between the Sierra Nevada and Greenland during the late Holocene. A review of
Greenland ice core data suggests that the magnitudes of abrupt changes in tempera-
ture and precipitation increased beginning c. 3,700 and 3,000 years ago, respectively.
Precipitation increased abruptly 1,300 years ago. Comparing paleotemperature data
from Cirque Peak, CA with paleoprecipitation data from Pyramid Lake, NV suggests
that hot temperatures occurred at the beginnings of most severe droughts in the
Sierra Nevada over the past 1,800 years. Severe fires and erosion also occurred
at Coburn Lake, CA at the beginning of all severe droughts in the Sierra Nevada
over the past 1,800 years. This suggests that abrupt climate change during the
late Holocene caused vegetation and mountain slopes in some areas to be out of
equilibrium with abruptly changed climates. Finally, the ending of drought conditions
in Greenland coincided with the beginning of drought conditions in the Sierra
Nevada over the past 1,800 years, perhaps as a result of the rapidly changed locations
of the Earth’s major precipitation belts during abrupt climate change events.
1 Introduction
Relatively gradual long-term climate change differs from abrupt climate change.
The Intergovernmental Panel on Climate Change (IPCC 2007) has concerned itself
primarily with gradual climate change that occurs over many decades or longer.
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Abrupt climate change (ACC), on the other hand, occurs in a matter of years or a
few decades; so fast that societies or ecosystems may not be able to respond quickly
enough to these changes and thus may undergo significant alteration or collapse
(United States National Research Council Committee on Global Change Research
2002).
Abrupt climate change has probably had a greater impact upon both human
societies and natural environments than gradual climate change has had. Severe
droughts and extreme temperature events are the most serious abrupt climate change
events (ACCEs) to threaten human societies because they affect both agriculture
and water supplies (McCabe and Palecki 2006). Indeed, large, abrupt changes in
precipitation or temperature have been implicated in the collapse of many early
complex human societies (Douglass 1936; Weiss and Bradley 2001; Leroya et al.
2006).
The ACCEs that overturned societies in the past were of a much larger magnitude
and/or lasted much longer than the climate events that have affected developed soci-
eties in recent decades. For example, in one of the worst demographic catastrophes in
human history, 80–90% of Mayans were killed by disease stemming from a sixteenth
century megadrought (Acuna-Soto et al. 2005). In another example, abrupt cold
temperatures have been implicated in severe declines in agricultural output leading
to subsequent periods of mass starvation, rebellion, and dynastic collapse in China
over the past 1,000 years (Zhang et al. 2006). These types of severe ACCEs occurred
in the past and will occur in the future even if human-caused climate change were not
a factor. However, there is concern that current human-caused climate change might
trigger severe ACCEs.
Although we know quite a bit about the effects of past ACCEs on human societies,
we know less about the effects of ACCEs on natural systems and disturbance
regimes. We know from recent experience that extreme droughts and extreme
temperature events can kill vegetation, either directly from the drought itself or
indirectly through increased insects predation or disease. Dead vegetation can result
in accumulated fuels, leading to severe fires and denudation of mountain slopes
(Burkett et al. 2005; Shakesby and Doerr 2006). Thus, we can assume that the even
more severe droughts or temperature extremes that occurred in the past would have
affected vegetation and mountain slopes in similar, or probably more severe, ways.
In this paper, I present a 2,000 year high-resolution climate and disturbance
history for the Sierra Nevada based upon two published paleoclimate studies from
the Sierra Nevada and my own unpublished charcoal record from Coburn Lake,
California. I also present a reinterpretation of published data from both the Sierra
Nevada and Greenland to suggest that climates in both locations became moister
and more erratic over the past c. 3,000 years. The beginnings of severe droughts in
the Sierra Nevada and severe fire events at Coburn Lake, correlate well with peak
drought conditions in Greenland and with fire events in eastern Canada over the past
1,800 cal year. Finally, I suggest an “abrupt climate change-severe fire-severe erosion
hypothesis” to explain the timing of fires at Coburn Lake (and perhaps elsewhere).
All dates used in this article are calibrated to calendar years before AD 1950 (cal
year BP).
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2 The Coburn Lake study area
The Coburn Lake watershed in California (39◦ 32′ 30′′N, 120◦ 27′) spans 2,280–
2,460 m (7,480–8,060 ft) in elevation. The watershed is located just below the crest
of the northern Sierra Nevada and adjacent to the western margin of the Great
Basin Desert (Fig. 1). The Coburn Lake watershed is small (44 ha) and steep (Fig. 1,
lower right), which limits the geographic area from which charcoal can wash into the
lake. Coburn Lake is also a relatively deep (13 m) lake for its surface area (1.7 ha).
This characteristic made Coburn Lake a good candidate for containing relatively
undisturbed bottom sediments (Larsen et al. 1998). Coburn Lake itself, its encircling
glacial moraines, and its watershed were created at the end of the Pleistocene from
glacial erosion of loosely consolidated Pliocene-aged volcanic rock (Grose et al.
2000).
Fig. 1 Coburn Lake (star at center of figure) is located north of Lake Tahoe, California, just below
the east side of the Sierra Nevada crest, and adjacent to the Sierra Valley of the Great Basin Desert.
The Truckee River begins at the northern end of Lake Tahoe, passes through Reno, Nevada, runs
east and north from Reno, and terminates at Pyramid Lake. The watershed for Pyramid Lake is
enclosed within the white dotted line. Insert at left the general location of Coburn Lake. Insert at right
a topographic map of the Coburn Lake study area with the watershed of Coburn Lake outlined in
solid white. The Sierra Nevada Divide is located at the top of the Coburn Lake watershed, which is in
the lower left portion of the map. Berry Creek begins at the northern outlet of Coburn Lake, which
is in the upper right portion of the map, and drains north and east into the Sierra Valley
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Under current climatic conditions, the Coburn Lake watershed has a high mon-
tane Mediterranean climate with cold-snowy winters and cool-dry summers. Veg-
etation within the heavily-forested watershed is largely dominated by old-growth
upper montane red fir trees (Abies magnif ica); with subalpine mountain hemlock
(Tsuga mertensiana) codominant on cooler north-facing slopes and western white
pines (Pinus monticola) codominant on drier slopes and ridge tops.
Emergent vegetation surrounding Coburn Lake may have acted as a partial
filter on charcoal and soil sediment traveling overland following fires before being
deposited into the lake. Emergent and riparian vegetation is present on the Coburn
Lake’s flatter and partially filled northern and eastern margins. Conversely, there is
relatively little emergent vegetation below slopes on the lake’s southern and western
margins. However, relatively little of the lake’s watershed lies above the lake’s
southern and western margins.
3 Methods
In the field, I collected two sets of cores from near the center of Coburn Lake. The
two sets of cores were located >26 m from each other and also away from steep
underwater slopes so as to avoid resampling the same location and sampling slumped
sediments, respectively. I used a gravity-activated top corer to collect sediment
samples at the water-sediment interface and a modified 5 cm-diameter Livingstone
corer to collect 4.36 m of deeper core samples (Wright 1991).
Fig. 2 Age–depth diagram for
Coburn Lake. This figure
highlights the locations of 14C
AMS dates, a thick layer of
Mazama ash at the bottom of
the core, and bent strata where
older sediments were thrust up
and over younger lake
sediments
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Once collected, top core samples were photographed and sub-sampled at 1 cm
intervals, unless smaller intervals were necessary to constrain the locations of either
stratigraphic boundaries or charcoal visible in the core. Deeper core segments were
described in the field, wrapped in cellophane and aluminum foil, and placed in
wooden boxes for transit. All samples were kept cool in transit and stored at 4◦C
once in the laboratory.
In the laboratory, both sets of deeper core segments were split horizontally,
sketched, photographed, and described. Sediment layers were visually classified as
gyttja (fine organically-rich lake sediments), macro-sized organic detritus, clay, or
ash. Deeper core segments were subsampled at 1 cm or smaller intervals for the same
reasons given for top core samples.
A radiocarbon-based chronology was developed for Coburn Lake based upon
24 14C AMS-dated plant macrofossils taken from the primary set of deeper core
segments (Fig. 2). To confirm the stratigraphy of the primary set of deeper core
segments, the two sets of deeper core segments were compared with each other. The
two sets of deeper core segments were cross-correlated using these 24 AMS dates;
additional AMS dates from the second set of deeper cores; and shared peaks from
various physical parameters: bulk density, magnetic susceptibility and charcoal.
Radiocarbon dates (Table 1) were converted to calibrated year before present (cal
year BP, A.D. 1950) using the Cologne CalPal on-line calibration package (Weninger
et al. 2004). Layers of organic detritus and clay were not excluded from the age–depth
curve because much of the core was made up of non-gyttja material; relying on dates
Fig. 3 Relationships between stratigraphy layers, charcoal peaks, sediment bulk density, and mag-
netic susceptibility at Coburn Lake. a The stratigraphy of Coburn Lake sediments. b The number
of charcoal particles of >250 μm in size/g3 found within Coburn Lake sediments. The two largest
Coburn Lake charcoal peaks with >1,000 charcoal particles/g3 have been truncated to fit the column
size. c Bulk density of sediments. d Magnetic susceptibility (MS) of sediments
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in gytjja alone would produce unrealistic results; and because peaks in charcoal, the
focus of this study, were often associated with non-gyttja layers.
Calibrated radiocarbon dates were graphed directly without developing a formal
age–depth model because the large number of 14C AMS dates available made this
unnecessary, lake deposition appeared to be strongly episodic rather than uniform,
and a coherent pattern resulted from using the methods employed.
A thrusting of older sediments over younger sediments was visible in the core
and was confirmed by radiocarbon dating (Fig. 2). This overthrusting was probably
the result of an earthquake along a nearby known active fault (avalanche scars are
visible in the watershed above the lake). This earthquake probably caused slopes
above Coburn Lake to slide off and into the lake, in the process shoving existing lake
sediments, more or less intact, up and over existing lake sediments located further
out into the lake (Wathen, unpublished data). Duplicated sediments caused by this
overthrusting were removed from the final chronology used for this paper.
Fig. 4 The distribution of
charcoal peaks from Coburn
Lake over the past 5,200 years
in conjunction with the
Pyramid Lake drought record.
a The northern Sierra Nevada
drought record from Pyramid
Lake, Nevada is based upon
the ratio of Artemisia
(sagebrush) to
Chenopodiaceae (shadscale)
pollen types (A/C) found in
Pyramid Lake sediments. The
dashed horizontal lines
represent the centers of major
charcoal peaks (adapted from
Fig. 3, Mensing et al. 2004). b
The number of charcoal
particles of >250 μm in size/g3
found within Coburn Lake
sediments. The two largest
Coburn Lake charcoal peaks
with >1,000 charcoal
particles/g3 were truncated to
fit the column size
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One cubic centimeter of material was taken from each subsample taken from the
primary sets of top and deeper sediment core segments. This material was processed
to determine magnetic susceptibility; bulk density; percentages water, carbon, and
calcium carbonate; and charcoal abundance. Magnetic susceptibility was measured
by placing samples in small (6.6 cm3) non-magnetic plastic boxes and analyzing
them in a Bartington MS2 spinner magnetometer. Bulk density was determined by
weighing 1 cm3 subsamples and then determining sediment displacement in water.
Percentages of water, organic carbon, and calcium carbonate were determined by
drying pre-weighed samples in a muffle oven at 40◦C, 450◦C, and 900◦C, respectively,
and calculating the mass lost.
Charcoal from Coburn Lake was processed using standard procedures (Whitlock
and Laresen 2001). Samples were disaggregated in 5% KOH solution overnight
and washed through a series of 250, 125, and 65 μm-sized sieves to concentrate
progressively smaller-sized charcoal particles. Charcoal particles of >250 μm-size
Fig. 5 Correlation between the beginnings of severe droughts in the northern Sierra Nevada and
Coburn Lake charcoal increases over the past 2,200 years. a Northern Sierra Nevada drought record
from Pyramid Lake, Nevada based upon the ratio of Artemisia (sagebrush) to Chenopodiaceae
(shadscale) pollen types (A/C) derived from Pyramid Lake sediments (adapted from Fig. 3 in
Mensing et al. 2004). The dotted vertical line represents the mean value for the record. b The number
of charcoal particles of >250 μm in size/g3 found within lake sediments. The two largest Coburn
Lake charcoal peaks with >1,000 charcoal particles/g3 were truncated to fit the column size. Dashed
horizontal lines represent the centers of charcoal peaks. Dotted vertical line denotes where samples
contained >50 particles per cm3 of lake sediment. Arrows denote locations of charcoal increases. Xs
denote where the beginnings of droughts are not associated with increases in charcoal
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were counted in each cubic centimeter subsample using a 36× dissecting microscope.
I also counted 125–250 μm-sized charcoal in a portion of both the primary and
secondary set of deeper core segments to test for differences in charcoal patterns.
Once complete, the second set of deeper core segments was not processed further.
This study of Coburn Lake was designed to develop a record of local fires within
the Coburn Lake watershed during the Holocene. Individual charcoal particles of
>125 μm in size, which can be seen with the naked eye, are termed “macrocharcoal.”
Macrocharcoal particles of >125 μm in size are heavy enough that it is assumed
that they will have traveled only a few hundred meters through the air to their
area of deposition (Clark 1988; MacDonald et al. 1991; Clark and Hussey 1996).
Smaller particles can and do blow in from greater distances. I chose to focus on
Fig. 6 Environmental history of the Sierra Nevada over the past 2,000 years based upon the
integration of three high resolution paleorecords a A northern Sierra Nevada drought record from
Pyramid Lake, Nevada based upon the ratio (A/C) of Artemisia (sagebrush) to Chenopodiaceae
(shadscale) pollen types. The beginnings of droughts (faint horizontal dashed lines) are numbered
from youngest to oldest, from top to bottom. The bold vertical dashed line denotes the median A/C
ratio value for the past 2,000 years (adapted from Fig. 5 in Mensing et al. 2004). b A southern Sierra
Nevada temperature record based upon the analyses of foxtail pine tree-ring chronologies that grew
near treeline on Cirque Peak, California. Colder temperature anomalies are to the left and warmer
temperature anomalies to the right of zero, the mean from AD 1 to1980 (adapted from Scuderi 1993).
c The abundance of charcoal particles of >250 μm in size/cm3 within Coburn Lake sediments. The
vertical dashed line designates charcoal abundances of >50 particles/cm3. The two largest Coburn
Lake charcoal peaks with >1,000 charcoal particles/g3 were truncated to fit the column size. Bold
horizontal dashed lines extend outward from northern Sierra Nevada droughts. Words to the right of
Column C denote temperatures or abrupt changes in temperature near treeline on Cirque Peak at
the beginning of severe droughts
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Fig. 7 Increased precipitation and climate variability in Greenland and the Sierra Nevada over the
past 3,700 years. a A reconstructed ice accumulation record from the GISP2 ice core as a proxy
for precipitation. b A reconstructed δ18O curve from the GRIP ice core record as a proxy for air
temperature (adapted from National Snow and Ice Data Center and World Data Center-A for
Paleoclimatology 1997). c A northern Sierra Nevada drought record from Pyramid Lake, Nevada
based upon the ratio (A/C) of Artemisia (sagebrush) to Chenopodiaceae (shadscale) pollen (adapted
from Fig. 5 in Mensing et al. 2004). Faint horizontal dashed lines represent the onset of droughts.
Vertical dotted lines denote the median value over the past 5,000 years. From older to more recent
events, vertical arrows (3) and (2) highlight increases in the magnitude of fluctuations in temperature
and precipitation that began in Greenland c. 3,700 and 3,000 cal year BP, respectively. Vertical
arrow (6) highlights an increase in the frequency of centennial-scale fluctuations in precipitation
that occurred in the northern Sierra Nevada sometime between 3,400 and 2,700 cal year BP. Vertical
arrow (4) highlights long-term cooling in Greenland that began c. 2,400 cal year BP. Vertical arrow (7)
highlights long-term increases in both precipitation and the in the frequency of abrupt climate change
events in the northern Sierra Nevada that began c. 2,000 cal year BP. Vertical arrow (1) highlights
the beginning of a long-term shift towards increased precipitation in Greenland c. 1,300 cal year BP.
Vertical arrow (5) highlights cooling in Greenland that began c. 2,400 cal year BP
344 Climatic Change (2011) 108:333–356
>250 μm-sized charcoal particles as my proxies for past fires because their larger-
size would provide even greater assurance of capturing only local fires. From this
point forward, I will refer to macrocharcoal particles from Coburn Lake simply
as charcoal. Charcoal numbers were not converted to charcoal accumulation rates
because the purpose of this study was to investigate individual charcoal peaks in
relation to individual ACCEs that occurred over short time intervals.
4 Results
Charcoal peaks from Coburn Lake were typically associated with indicators of
erosion. In the Coburn Lake record, distinct layers of organic detritus and clay
were interspersed within a matrix of lake-derived organic-rich gyttja. The number
of charcoal particles typically peaked in conjunction with peaks in organic detritus,
inorganic sediments, high sediment bulk density values, and high magnetic suscepti-
bility values (Fig. 3).
Fig. 8 Correlation between the timing of Coburn Lake charcoal peaks and peak drought conditions
in Greenland over the past 2,000 years. a The abundance of charcoal particles (>250 μm in size/cm3)
in Coburn Lake sediments. Bold horizontal dashed lines extend outward from major charcoal peaks.
Peaks are numbered from oldest to youngest. The two largest Coburn Lake charcoal peaks with
>1,000 charcoal particles/g3 were truncated to fit the column size. b A reconstructed ice accumulation
record from the GISP2 ice core serving as a proxy for Greenland precipitation (adapted from
National Snow and Ice Data Center and World Data Center-A for Paleoclimatology 1997). The one
exception to the overall negative correlation between peak charcoal from Coburn Lake and peak
drought conditions in Greenland is noted
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Although the charcoal record from Coburn Lake goes back 8,500 years, charcoal
peaks (>50 charcoal particles per cm3) became both more frequent and substantially
larger beginning c. 1,800 cal year BP. Over the 3,000 years time period from c.
5,000 to 1,800 cal year BP, only two relatively small, isolated charcoal peaks were
deposited (Fig. 4). On the other hand, eight charcoal peaks were deposited beginning
1,800 years ago. The average core subsample from Coburn Lake over the past
8,500 years contained <10 charcoal particles per cm3. However, two charcoal peaks
deposited since 1,800 cal year BP contained >1,000 charcoal particles per cm3. These
two very large peaks were truncated in order to fit within figure columns in Figs. 3,
4, 5, 6 and 8 of this paper.
I was able to match the two sets of cores using AMS dates as well as peaks in bulk
density, magnetic susceptibility and charcoal. This outcome increased my confidence
that the stratigraphic interpretation and the AMS dates associated with the primary
set of cores were robust. I found little difference between the charcoal patterns
developed using 125–250 versus >250 μm-sized charcoal.
5 Discussion
5.1 Correlating charcoal peaks with abrupt climate change events
Researchers have mostly used sediment charcoal from lakes to study the relation-
ships between past climates and past fire frequencies over large time scales, spanning
several hundreds to several thousands of years (Long et al. 1998). In the typical
lake, it is assumed that charcoal deposition takes place relatively uniformly and
continuously through time. In the typical lake, such large amounts of charcoal are
deposited through time that it is often difficult to delineate charcoal peaks from high
levels of background charcoal.
A standard methodology has been used with success to analyze these typical
charcoal records (e.g., Cwynar 1977; Gajewski et al. 1985; Clark 1990; Whitlock and
Anderson 2003). Using this standard methodology, a line of demarcation is computed
between what are to be considered charcoal peaks and what will be considered
background charcoal. What are considered charcoal peaks are assumed to represent
individual severe fire events from which fire frequencies can be derived.
The record from Coburn Lake, California is not a typical charcoal record because
deposition of charcoal into Coburn Lake was strongly episodic, and because there is
apparently little background charcoal present in the record (Fig. 4). Long periods of
time, spanning thousands of years, produced little or no charcoal; while much shorter
periods of time, in particular over the past 1,800 years, produced very large amounts
of charcoal. The charcoal record from Coburn Lake has more in common with
charcoal records from mountain debris flows (Meyer et al. 1992; Pierce et al. 2004)
than with typical lake charcoal records. Therefore, I elected to compare charcoal
peaks from Coburn Lake with ACCEs rather than with millennial-scale climate
changes because of the episodic nature of the Coburn Lake charcoal record, the
absence of background charcoal, the large number of radiocarbon dates available to
date individual charcoal peaks, and the pursuit of a different question – what caused
the peaked distribution of charcoal into Coburn Lake?
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Correlating charcoal peaks with ACCEs challenges the conventional wisdom for
many within the sediment charcoal community that individual charcoal peaks do not
represent individual short-term climate events. This conventional wisdom is based
on the fact that individual charcoal peaks are not well correlated with individual
ACCEs in most charcoal records. If a few charcoal peaks are correlated with known
ACCEs, most are not. Therefore, those few that are correlated are suspected of being
correlated purely by chance. Exceptions are studies by Meyer et al. (1992) and Pierce
et al. (2004) in which individual charcoal lenses from within discontinuous hillside
debris flow deposits where analyzed in relation to short-term climate changes.
Some researchers were also hesitant early on to acknowledge that climate events
in California and Greenland could be correlated with each other unless the mecha-
nisms for those climate teleconnections, still unsatisfactory understood at this point,
could be explained to them. Though robust and insightful, the results of this study
may thus be somewhat controversial.
5.2 The nature of the fires represented by charcoal peaks from Coburn Lake
The presence of distinct charcoal peaks in the Coburn Lake charcoal record in
conjunction with proxies for increased erosion (organic detritus, inorganic sediments,
high sediment bulk density values, and high magnetic susceptibility values) suggests
that these charcoal peaks resulted from stand-replacing fires followed by severe soil
erosion.
5.3 Correlations between Coburn Lake charcoal peaks and a drought record
from Pyramid Lake, Nevada
Pyramid Lake (40◦ 0′ N, 119◦ 30′) is located within the Great Basin desert c.
84 km east of Coburn Lake (Fig. 1). A published 7,500 years drought record derived
from Pyramid Lake (Mensing et al. 2004) was used as the paleoprecipitation record
for Coburn Lake because Pyramid Lake receives almost all of its water as runoff
from the northern Sierra Nevada via the Truckee River (Benson et al. 2002).
Thus the Pyramid Lake precipitation record has been interpreted as a record of
precipitation for the northern Sierra Nevada near where Coburn Lake is located
(Fig. 1). Sediments from Pyramid Lake also have a greater temporal resolution than
do sediments from Coburn Lake; with past deposition rates of 0.12–0.23 cm year−1
(Benson et al. 2002) vs. 0.02–0.06 cm year−1, respectively.
Severe fires at Coburn Lake appear to have started at the beginning of severe
droughts in the northern Sierra Nevada. A striking degree of synchronicity was
observed between charcoal peaks from Coburn Lake and the onset of droughts in
the northern Sierra Nevada over the past 2,200 years (Fig. 5). Over this time period,
charcoal peaks or increases in charcoal from Coburn Lake were tightly correlated
with the beginnings of 12 of 12 severe droughts in the northern Sierra Nevada
(Pearson product moment correlation coefficient, r = 0.999).
Although deposition of charcoal was highly correlated with the beginnings of
severe droughts in the northern Sierra Nevada, the amount of charcoal that was
deposited into Coburn Lake does not seem to have been proportional to the
magnitude of precipitation declines at those times.
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5.4 Correlations between the Pyramid Lake drought record and the Cirque Peak,
California temperature record
Cirque Peak is located at 3,937 m in elevation, just below the crest of the southern
Sierra Nevada, and 12 km south–southeast of Mount Whitney. Temperatures appear
to have changed often and abruptly below Cirque Peak over the past 2,000 years
(Scuderi 1993). A visual comparison of the Cirque Peak temperature record visa-
vi the Pyramid Lake precipitation record (Mensing et al. 2004) suggests that abrupt
changes in precipitation in the northern Sierra Nevada usually coincided with abrupt
changes in temperature in the southern Sierra Nevada (Fig. 6).
However, abrupt changes in temperature in the Scuderi record were more com-
mon than abrupt changes in precipitation in the Mensing et al. record. Therefore not
every abrupt temperature change coincided with an abrupt change in precipitation.
On the other hand, most abrupt changes in precipitation did coincide with extreme
changes in temperature over the past 2,000 years.
Severe fires at Coburn Lake typically occurred at the beginnings of severe
droughts and during times of high temperature over the past 1,800 years in the Sierra
Nevada. As a rule, hot temperatures occurred at the beginnings of severe droughts,
while cold temperatures or abrupt changes in temperature occurred at the beginnings
of pluvials. With the exception of the severe drought that began c. 1,600 cal year BP,
the beginnings of all severe droughts over the past 1,800 years were associated with
hot temperatures.
5.5 Evidence for increases in moisture and the frequency of abrupt climate change
events during the late Holocene
Both Greenland and the Sierra Nevada became cooler during the Late Holocene.
In Greenland, the size of fluctuations in temperature increased markedly c. 3,700 cal
year BP, long-term cooling began c. 2,400 cal year BP, and cooling accelerated again
c. 1,000 cal year BP (National Snow and Ice Data Center and World Data Center-A
for Paleoclimatology 1997) (Fig. 7). In the Sierra Nevada, Clark (2000) noted that
cooling began by 3,400 cal year BP.
During the Late Holocene, both Greenland and the Sierra Nevada experienced
increased precipitation as well as larger fluctuations in precipitation (Fig. 7). In
Greenland, the size or magnitude of fluctuations in precipitation increased markedly
c. 3,000 cal year BP. Precipitation then increased conspicuously c. 1,300 cal year BP
(National Snow and Ice Data Center and World Data Center-A for Paleoclimatology
1997).
In the northern Sierra Nevada, the number of abrupt changes in precipitation
increased sometime between 3,400 and 2,700 cal year BP. Unfortunately, an unin-
tentional gap in the record exists between the two long core sections taken from
Pyramid Lake that covers this time period. Therefore the timing cannot be further
constrained. Moser et al. (2004), however, noted that the climate of Sierra Nevada
became wetter and more variable c. 3,000 years ago.
Both precipitation and the number of abrupt changes in precipitation increased
markedly in the northern Sierra Nevada beginning c. 2,000 cal year BP (Mensing
et al. 2004).
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5.6 Possible impacts of both increased available moisture and the increased
frequency of abrupt climate change events upon the Coburn Lake watershed
Increased precipitation, cooler temperatures, and an increase in the frequency of
ACCEs could explain the increase in severe fires at Coburn Lake over the past
1,800 cal year BP. Increased precipitation and cooler temperatures would have
meant higher moisture availability to plants nearly everywhere during the Late
Holocene. However, the effects of higher moisture availability on plant composition,
fire frequency, and fire severity would have varied with plant community type.
At upper montane Coburn Lake, an increase in precipitation and a decrease in
temperatures would likely have resulted in more precipitation coming as snow in the
winter. Increased snow packs would likely have resulted in more soil moisture being
available to plants during the beginning of California’s typically dry summers. An
increase in available soil moisture could have resulted in a change in the dominance
of plants towards those better adapted to cooler, moister conditions. Indeed, the
dominant tree growing around Coburn Lake today, red fir, dominates in the Sierra
Nevada where the winter snow pack is the deepest (Barbour et al. 1991).
Increased soil moisture and changes in vegetation would have altered fire regimes
at Coburn Lake as well as vegetation composition. Light fuels, like grasses, may have
increased in the understory resulting in more frequent low-severity fires in forest
understories. On the other hand, moister and cooler conditions would have allowed
heavy fuels, which would have increased with the increased growth of trees and which
are slower to dry out than lighter fuels, to accumulate between fires. This situation
would have resulted in the occurrence of infrequent but severe, standing-replacing
fires of the type I hypothesize are represented in the Coburn Lake charcoal record.
Indeed, low-severity fires have occurred very frequently and high intensity fires have
occurred very rarely in the red fir forests surrounding Coburn Lake over the past
300 years based on dendrochronological studies (Steve Wathen, unpublished data).
The abrupt beginning of severe droughts and hot temperatures during the late
Holocene could have stressed and killed dominant vegetation better adapted to
earlier cooler and moister conditions. Dead trees would have added to already
heavy fuel loads and high temperatures would have allowed heavy fuels greater
opportunities to dry out and catch fire. Heavy fuels catching fire would have meant
more fires getting into tree overstories causing severe stand-replacing fires. This
scenario is hypothesized to explain why the charcoal record from Coburn Lake
correlates so closely with the beginning of severe drought conditions in the northern
Sierra Nevada during the late Holocene.
5.7 An “abrupt climate change-severe fire-severe erosion hypothesis”
Evidence for a correspondence between the timing of severe fires at Coburn Lake
and the onset of ACCE in the Sierra Nevada suggests a more general hypothesis.
An “Abrupt climate change-severe fire-severe erosion hypothesis” postulates that
the abrupt onset of severe droughts and temperature extremes during the Holocene
would have caused vegetation and mountain slopes in some areas to be out of
balance with new abruptly-changed climates. Vegetation-climate imbalances would
have resulted in the widespread die-off of vegetation adapted to moister and cooler
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climatic conditions, with diseases and insect infestations acting as the direct causal
agents for the death of drought-stressed trees. Eventually the accumulation of dead
and drying biomass would have dried and caught fire resulting in severe stand-
replacing fires. This would have been followed by accelerated erosion of slopes
recently denuded of vegetation. Vegetation and soils would have changed until
vegetation and soils were once again in quasi-equilibrium with new climates.
Evidence from studies at different temporal scales and from different locations
supports the abrupt climate change-severe fire-severe erosion hypothesis. In con-
junction with increasing available moisture plus an increase in the number and/or the
intensity of ACCEs, charcoal peaks at Coburn Lake became larger, more frequent,
and more closely correlated with the beginning of severe droughts and associated
temperature extremes over the past 1,800 years. Results from other long-term
paleoecological studies also support the abrupt climate change-severe fire-severe
erosion hypothesis. Stand-replacing fires and transitory spikes in charcoal were found
to follow changes in climate in Washington (Cwynar 1987), Yellowstone National
Park (Meyer et al. 1995), New York (Clark et al. 1996), Minnesota (Whitlock and
Bartlein 1997), and Idaho (Pierce et al. 2004) during the Holocene. Both Meyer et al.
(1995) and Pierce et al. (2004) reported increased charcoal deposition beginning c.
3,000 years ago. Charcoal records from adjacent lakes in eastern British Columbia
became more synchronized with climate events as climates became more variable
beginning c 2,500 cal year BP (Gavin et al. 2006). Miller et al. (2001) found that a shift
to drier and hotter conditions over the period c. 2,500 to 1,300 cal year BP in central
Nevada led to massive mountain slope erosion over the past c. 1,900 years, with
channel entrenchment occurring in the downslope sediment deposits that resulted
from this erosion.
In eastern Canadian boreal forests, Carcaillet et al. (2001) found large increases
in both fire frequency and the deposition of charcoal into lakes beginning 2,200–
2,000 cal year BP. The authors noted that Jack pine (Pinus banksiana) began a
sustained increase in dominance 2,000 cal year BP; and that both Jack pine and green
alder (Alnus viridis), both fire-adapted early pioneer species, increased in dominance
beginning 1,300 cal year BP coincident with an abrupt increase in precipitation in
Greenland. Carcaillet et al. (2001) concluded that increases in fire incidence, charcoal
deposition, and the number of pioneer species in eastern Canada resulted from the
onset of more unstable climate conditions beginning c. 2,000 cal year BP.
Studies limited to the past few centuries also support the abrupt climate change-
severe fire-severe erosion hypothesis. Widespread fires in the American West have
occurred during or following extreme droughts in the northern Sierra Nevada
(Taylor 2000), eastern Washington (Hessl et al. 2004) and the American Southwest
(Swetnam and Betancourt 1998). Severe erosion has also followed severe drought
conditions over the past 400 years (McAuliffe et al. 2006).
Experiences with droughts and fires that have occurred recently also support the
abrupt climate change-severe fire-severe erosion hypothesis. Even relatively brief
droughts of <10 years in duration have caused severe tree mortality followed by
severe fires (Burkett et al. 2005) and severe soil erosion (Reinhardt et al. 2001;
Shakesby and Doerr 2006). In the central Sierra Nevada, higher tree mortality
followed a series of years with below normal precipitation and snow pack (Guarin
and Taylor 2005). Drought-killed forests in the American Southwest have been
burning and are now being replaced by new vegetation better adapted to newer, drier
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climate conditions (Breshears et al. 2005). Recent modeling suggests that very large
fires should be expected during periods of climate transition (Pueyo 2007). Given
these responses to the onset of relatively mild droughts occurring today, it seems
appropriate to assume that the onset of more severe droughts, lasting for decades or
centuries, coupled with extremely high temperatures, as occurred in the Holocene,
would have had even more severe impacts upon ecosystems and natural landscapes.
The Coburn Lake charcoal record is unusual in that all charcoal peaks or increases
in charcoal occurred at the beginning of severe droughts and only at the beginning
of severe droughts over the past 1,800 cal year BP. The size and configuration of the
Coburn Lake watershed, as described above in Section 2: The Coburn Lake Study
Area, may explain why Coburn Lake was so unusually sensitive to recording only
ACCE-linked fires. Emergent vegetation around Coburn Lake may have filtered out
charcoal except following the largest events.
Abrupt climate change-linked fires probably affected other ecosystems at the
beginning of severe droughts and high temperatures during the late Holocene as
well. However, ACC-linked fires may not be evident in charcoal records from other
sites due to differences in geomorphology, vegetation, and fire regimes between sites;
and different ecosystems would have reacted differently to increases in available
moisture and ACCEs. If ACC-linked fires did occur at other sites, ACC-linked
charcoal peaks may be hard to distinguish from the abundance of charcoal that has
typically accumulated from non-ACCE-linked fires.
5.8 Peak fluvial conditions in the Sierra Nevada coincided with peak drought
conditions in Greenland
Evidence from Coburn and Pyramid Lake suggests synchronization between climate
events that occurred in the Sierra Nevada and climate events that occurred in eastern
Canada and Greenland. Figure 8 displays the timing of peak drought conditions
in Greenland in relationship to the timing of charcoal peaks from Coburn Lake.
Charcoal peaks from Coburn Lake, associated with the beginnings of drought
conditions in the Sierra Nevada, were highly correlated with peak drought conditions
in Greenland (Pearson product moment correlation coefficient, r = 0.998). Only one
of eight charcoal peaks from Coburn was not closely associated with one of the
eight instances of precipitation minima in Greenland over the past 1,800 years. This
one charcoal peak occurred at 1,430 cal year BP, c. 115 years after peak drought
conditions had occurred in Greenland (Fig. 8, Col A). On average, the timing of peak
charcoal deposits into Coburn Lake and the occurrence of peak drought conditions
in Greenland differed by only 34 years.
A remarkable degree of synchronicity also appears to exist between the timing of
the start of droughts in the Sierra Nevada and the timing of severe fires in an eastern
Canadian boreal forest. Carcaillet et al. (2001) studied charcoal deposited into Lac
Francis over the past c. 7,650+ years. Though Carcaillet et al. did not specifically
study individual charcoal peaks in relation to ACCEs, an analysis of their published
data suggests that Lac Francis, like Coburn Lake, might also have been an unusually
good recorder of ACC-caused fires (Fig. 9).
To compare the two data sets, I first determined the 11 largest charcoal peaks
deposited into Lac Francis over the past 2,800 years (Fig. 7 in Carcaillet et al. 2001).
I did this by comparing the size of each charcoal peak relative to the size of adjacent
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Fig. 9 Correlation between the timing of the beginning of droughts in the northern Sierra Nevada
(Mensing et al. 2004) and the deposition of charcoal peaks into Lac Francis, Quebec. The timing
of the starting dates for 11 severe droughts in northern Sierra Nevada over the past c. 3,000 years
as compared with timing for the deposition of the 11 largest charcoal peaks from Lac Francis over
the past 3,000 years (adapted from Carcaillet et al. 2001). Vertical numbers above charcoal peaks
represent the timing of charcoal peaks from Lac Francis relative to (:) the timing of the onset of
droughts in the northern Sierra Nevada
charcoal peaks. Then I compared the timing of these 11 largest charcoal peaks
relative to the timing of the beginnings of severe droughts in the northern Sierra
Nevada (Fig. 5 in Mensing et al. 2004).
Similarities between the two records were remarkably high despite the great
distance between the two study sites, differences in vegetation (subalpine forest at
Coburn Lake versus boreal forest at Lac Francis), and differences in their respective
climate regimes. Beginnings of drought conditions in the Sierra Nevada were highly
correlated in time with the occurrence of the largest charcoal peaks deposited
into Lac Francis over the past 2,800 years (Pearson product moment correlation
coefficient = 0.999; Fig. 9). Indeed, the average number of years of difference
between the onset of severe droughts in the northern Sierra Nevada and the timing of
deposition of large charcoal peaks into Lac Francis (±23 years) was below the levels
of uncertainty involved in dating the lake sediments originally. In addition, charcoal
deposition into Lac Francis rose significantly during the Late Holocene, just as it had
at Coburn Lake.
Other studies have recognized climate teleconnections between California and
the North Atlantic region. In sediments from the Santa Barbara Ocean Basin off
southern California, Behl and Kennett (1996) found evidence for 19 of 20 warm inter-
stadial periods (Dansgaard–Oeschger events) previously reported from Greenland
ice cores and North Atlantic Ocean sediment cores. Pisias et al. (2001) also suggested
correlations between coastal upwelling, temperature, and vegetation along the coast
of Oregon and Dansgaard–Oeschger cycles reported from Greenland. Dean (2007)
studied ocean sediments from the margins of Alta and Baja California covering
the past 60,000 years and suggested climate teleconnections between California, the
Cariaco Basin off Venezuela, and Greenland. Benson et al. (1997, 1998) and Lin et al.
(1998) reported teleconnections between three lakes located in the Great Basin east
of the Sierra Nevada Range (Owens, Mono, and Searles Lakes) and Greenland.
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This synchronicity between climate and disturbance events in the Sierra Nevada
and disturbance and climate events at Lac Francis and in Greenland, respectively,
suggests there were shared climate teleconnections between at least high elevation
sites in the northern Sierra Nevada and high latitude sites in eastern Canada (50◦ N
latitude) and Greenland (75◦ N latitude) in the past. However, shared climate
teleconnections between the northwestern Pacific and the North Atlantic do not
require that events that occurred in one region (e.g. the North Atlantic) directly
caused events in the other (e.g. the Sierra Nevada), rather that both regions were
affected by at least some of the same climate drivers.
One possible explanation for these climate teleconnections proposed here is that
the Earth’s major precipitation zones (the northern Polar Front, the Polar Jet Stream,
the Subtropical High Pressure Arid Zone, and the Intertropical Convergence Zone)
all moved rapidly northward during some ACCEs. Movement of the Polar Front
and associated storms northward would have taken precipitation away from the
northern Sierra Nevada and towards Greenland, thus ending drought conditions
in Greenland. At the same time, movement of the dry subtropical high-pressure
desert belt northward would have brought drought conditions to the northern Sierra
Nevada.
Evidence exists for the Polar Front moving in response to cold and warm events.
Eynaud et al. (2009) described abrupt shifts in the Polar Front caused by cold
Heinrich Events in the North Atlantic Ocean at the end of the last glacial period.
Geirsdóttir et al. (2009) suggested that the Iceland Ice Sheet broke up catastrophi-
cally c. 15,000 years ago as the Polar Front migrated northward due to warming.
What is interesting, and perhaps suggestive in terms of ongoing man-caused global
climate change, is how fast changes from wetter to drier and from hot to cold
conditions appear to have occurred in the Sierra Nevada and Greenland during
past periods of ACC. Modeling from the IPCC Assessment Report 4 (IPCC 2007)
suggests that the subtropical dry zones of the world will both dry and expand
poleward in the future due to greenhouse warming. Seager et al. (2007) noted that
recent severe droughts experienced in the southwestern United States may have been
associated with a northward shift of storm tracks and expansion of the subtropical
high into the mid-latitudes. Though ongoing warming due to the gradual buildup of
greenhouse gases might suggest to us that changes in climate will occur slowly over
time, the paleoclimate record shows us that a transition to a megadrought or extreme
temperatures can be very abrupt indeed, with tragic consequences for many.
6 Conclusions
Combining three paleorecords from the Sierra Nevada resulted in a detailed history
of environmental change in the Sierra Nevada over the past 2,000 years. Comparing
a published record of paleoprecipitation for the northern Sierra Nevada, derived
from Pyramid Lake, Nevada, with a published record of paleotemperature for
the southern Sierra Nevada, derived from Cirque Peak, California, suggests that
precipitation and temperature in the Sierra Nevada changed abruptly over the past
2,000 years and often changed in concert with each other. Hot temperatures appear
to have occurred at the beginning of most severe droughts over that time period.
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Charcoal from Coburn Lake, California displayed an unusually peaked distribu-
tion. Charcoal peaks were deposited at the beginnings of every severe drought in the
northern Sierra Nevada over the past 1,800 years. Most of the charcoal peaks were
also associated with proxies suggesting erosion after stand-replacing fires. These
results suggest that stand-replacing fires at Coburn Lake occurred at the beginning
of severe droughts coupled with hot temperatures over the past 1,800 years, and that
these stand-replacing fires were often followed by severe erosion.
From this evidence, I propose a generalized “abrupt climate change-severe fire-
severe erosion hypothesis.” This hypothesis suggests that abrupt climate change
during the late Holocene caused vegetation and mountain slopes in some areas to be
out of balance with abruptly changed climates. These imbalances severely stressed
vegetation adapted to preceding moister climates, resulting in increased insect or
disease infestation followed by widespread forest die-off, stand-replacing fires, and
accelerated soil erosion.
A review of the Greenland ice core data suggests that the climates in Greenland
became more variable, cooler, and wetter during the past 3,700 to 3,000 years than
in preceding millennia. The magnitude of abrupt changes in temperature increased
c. 3,700 years ago; while the magnitude of abrupt changes in precipitation increased
3,000 years ago. Temperatures began to decline in Greenland c. 2,400 years ago and
precipitation underwent a major increase c. 1,300 years ago.
Climates became wetter and more variable in the northern Sierra Nevada during
the latest Holocene as well. Precipitation began exhibiting more extreme changes
in precipitation sometime between 3,400 and 2,800 years ago and then precipitation
increased substantially c. 2,000 years ago. More extreme changes in precipitation as
well as a general increase in available moisture may explain both an increase in the
number of severe fires at Coburn Lake and a close correlation between those fires
and abrupt climate events over the past 1,800 years.
Synchronicity between climate events in the Sierra Nevada and Greenland also
increased during the latest Holocene. Charcoal peaks from Coburn Lake and the
beginnings of severe droughts in the northern Sierra Nevada were significantly
correlated with the beginning of the end of severe drought conditions in Greenland.
As moisture was increasing in Greenland, severe droughts were beginning in the
northern Sierra Nevada.
A possible mechanism to explain this relationship is that the general locations
of the Earth’s major precipitation belts shifted rapidly northward during abrupt
climate change events during the late Holocene, sending the storm-laden Polar Front
northward over Greenland and the arid northern subtropical high pressure zone
northward over northern California.
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